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(54) Stabilized laser source 

(57) The invention relates to the stabilization of 
semiconductor laser diode sources as they are exten- 
sively used in the field of optical communication. Such 
lasers are mostly employed as so-called pump laser 
sources for fiber amplifiers, e.g. Erbium-doped fiber am- 
plifiers, and are designed to provide a narrow-bandwidth 
optical radiation with a stable power output in a given 
frequency band. To improve the stability of such laser 



sources compared to prior art designs, a plurality of "ex- 
ternal" cavities is provided. In the commonly employed 
optical fibers for conducting the laser beam, these cav- 
ities may be formed by a plurality of appropriately de- 
signed Bragg gratings. However, the cavities may as 
well be formed by other means reflecting a given amou nt 
of the energy back to the laser in a desired frequency 
band, thus effecting the desired stabilization of the la- 
ser's intensity and frequency. 
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Description 

Field of the Invention 

[0001] The invention relates to the stabilization of a 5 
laser, specifically a semiconductor diode laser of the 
type commonly used in opto-electronics, mostly as so- 
called pump lasers for fiber amplifiers in the field of op- 
tical communication, e.g. for Erbium-doped fiber ampli- 
fiers. Such lasers are designed to provide a narrow- 
bandwidth optical radiation with a stable power output 
in a given frequency band. In particular, the invention 
concerns an improved design of the external cavity ex- 
hibiting a significantly improved stability compared to 
prior art designs. 

Background and Prior Art 

[0002] Semiconductor lasers of the type mentioned 
above have, for example, become important compo- 
nents in the technology of optical communication, par- 
ticularly because such lasers can be used for amplifying 
optical signals immediately by optical means. This al- 
lows to design all-optical fiber communication systems, 
avoiding any complicated conversion of the signals to 
be transmitted which improves speed as well as relia- 
bility within such systems. 

[0003] In one kind of optical fiber communication sys- 
tems, the lasers are used for pumping Erbium-doped fib- 
er amplifiers, so-called EDFAs, which have been de- 
scribed in various patents and publications known to the 
person skilled in the art. An example of some technical 
significance are 980nm lasers with a power output of 
1 50mW or more, which wavelength matches the 980nm 
Erbium absorption line and thus achieves a low-noise 
amplification. InGaAs lasers have been found to serve 
this purpose well and are used today in significant num- 
bers. However, the invention is in no way limited to In- 
GaAs lasers. 

[0004] There are other examples of lasers of other 
wavelengths and materials for which the present inven- 
tion is applicable. Generally, laser diode pump sources 
used in fiber amplifier applications are working in single 
transverse mode for efficient coupling into single-mode 
fibers and are mostly multiple longitudinal mode lasers, 
i.e. Fabry-Perot (or FP) lasers. Three main types are 
typically being used for Erbium amplifiers, correspond- 
ing to the absorption wavelengths of Erbium: InGaAsP 
and multiquantum-well InGaAs lasers at 1480nm; 
strained quantum-well InGaAs lasers at 980nm; and 
GaAIAs lasers at 820nm. 

[0005] One of the problems occurring when using 
semiconductor lasers for the above purpose is their 
wavelength and power output instability which, though 
small, still affects the amplification sufficiently to look for 
a solution to the problem. This problem is already ad- 
dressed in Erdogan et al. US patent 5 563 732, entitled 
"Laser Pumping of Erbium Amplifier 41 , which describes 



the stabilization of a pump laser of the type described 
above by use of a Bragg grating in front of the laser. This 
grating forms an external cavity with the laser. The laser 
bandwidth is broadened and stabilized by the reflection 
from the grating. It is believed that the laser operation 
in so-called "coherence-collapse" is obtained by provid- 
ing sufficient external optical feedback, here from a fiber 
Bragg grating within the optical fiber into which the laser 
light is usually coupled. This grating is formed inside the 
guided-mode region of the optical fiber at a certain dis- 
tance from the laser. Such a fiber Bragg grating is a pe- 
riodic structure of refractive index variations in or near 
the guided-mode portion of the optical fiber, which var- 
iations are reflecting light of a certain wavelength prop- 
agating along the fiber. The grating's peak-reflectivities 
and reflection bandwidths determine the amount of light 
reflected back into the laser. 

[0006] Ventrudo et al. US patent 5 715 263, entitled 
"Fibre-grating-stabilized Diode Laser" describes an es- 
sentially similar approach for providing a stabilized la- 
ser, showing a design by which the laser light is coupled 
to the fiber by focussing it through a fiber lens. Again , a 
fiber Bragg grating is provided in the fiber's guided mode 
portion, reflecting part of the incoming light back through 
the lens to the laser. To summarize, when positioning a 
fiber Bragg grating beyond the coherence length of the 
laser and when the laser gain peak is not too far from 
the Bragg grating's center wavelength, it is understood 
that the laser in coherence collapse operation is forced 
to operate within the optical bandwidth of the grating and 
thus is wavelength-stabilized. Additionally, low-frequen- 
cy power fluctuations seem to decrease by the effect of 
induced highfrequency multi-mode operation. 
[0007] In general, the above-described prior art devic- 
es must have a length of the external cavity, i.e. the op- 
tical fiber, somewhere at least between 0.5 and 1 m, to 
definitely assure coherence collapse laser operation. 
For some even up to 2m long optical fibers are required. 
This rather long fiber determines the size of the laser 
source and makes it comparatively bulky. 
[0008] Some types of semiconductor lasers, especial- 
ly others than those in the above mentioned patents, e. 
g. lasers having a narrow spectral gain width, are seen 
to exhibit instability at certain operating conditions, in 
particular undesjrable switching from multi-mode to sin- 
gle-mode operation within the grating bandwidth. This 
mode switching (coherence collapse occurs in both cas- 
es) results in a fluctuation of the effective laser output 
which in turn produces noise, thereby negatively affect- 
ing or actually disturbing the amplification process. The 
mode-switching problem is aggravated by new genera- 
tions of semiconductor laser diodes having at least twice 
as much output power than the lasers in the Ventrudo 
or Erdogan patent and the desire of the industry to have 
wavelength stabilization for all possible operating con- 
ditions of a laser. 

[0009] Other techniques have been proposed to cor- 
rect fiber amplifier output power fluctuations, e.g. active 
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methods to control the variations in the fiber amplifier 
output by feedback of an electric signal effecting a cor- 
rection of the laser power. A further solution is an elec- 
tronic dithering circuitry forcing the laser to operate mul- 
timode, described by Heidemann et al. in US patent 5 
297 154, entitled "Fiber-Optic Amplifier with Feedback- 
Insensitive Pump Laser". However, the need for active 
components for these solutions add complexity and 
cost. 

[0010] For a quite different purpose, Fischer etal. de- 
scribe in "High-dimensional Chaotic Dynamics of an Ex- 
ternal Cavity Semiconductor Laser", Phys. Review Let- 
ters, Vol. 73, No. 16, October 1994, pp. 2188-2191 , an 
experimental laser setup with an external T-shaped cav- 
ity comprising a beam splitter and high-reflecting gold 
mirrors at each of the two ends of the cavity's two arms. 
Though this layout shows an external two-cavity ar- 
rangement, it is absolutely unsuitable for the purpose of 
the present invention, since the lengths chosen for the 
arms of the cavity and the reflectivities of the laser's exit 
facet and the above-mentioned gold mirrors are select- 
ed to avoid the coherence collapse - just the opposite 
of the present invention, where coherence collapse is a 
prerequisite. 

[001 1 ] Also in a very different field, Wang Xianghyang 
et al. disclose a "Theoretical and Experimental Study on 
the Fabrication of Double Fiber Bragg Gratings" in the 
journal Optical Fiber Technology: Materials, Devices 
and Systems, Vol. 3, No. 2, pp.1 89-1 93. Double gratings 
are provided at the same location within the fiber and 
this "chirped" grating is said to widen the transmission 
spectrum of the fiber. Again, this publication does no- 
where address the problem that the invention intends to 
solve. 

[0012] Thus, it is the main object of the invention to 
devise a simple and reliable laser source layout, espe- 
cially for pump lasers in optical fiber communication sys- 
tems, that provides a stable output under all operating 
conditions. A specific object is to avoid the detrimental 
mode switching of the laser, even for a laser output pow- 
er of more than 1 50 mW, and thus increase the stability 
of the output of high power laser sources. Output stabil- 
ity shall be achieved for high optical power having re- 
duced low frequency noise, wavelength stability and 
high side lobe suppression outside the fiber Bragg grat- 
ing bandwidths. 

[001 3] A further object is to allow maximum flexibility 
for choosing the laser's parameters without running into 
stability problems. 

[0014] A still further object is to avoid any further com- 
plexity and keep the number of additional components 
of the laser source within a laser pumped optical ampli- 
fier to a minimum. 

[001 5] A particular object is to create a stabilized laser 
source of reduced size by using a significantly short- 
ened external cavity region. 



Th Invention 

[0016] In brief, to solve the problems addressed 
above, the present invention does not use a single grat- 

5 ing or cavity in front of the laser, but a plurality of appro- 
priately arranged cavities. These cavities are preferably 
arranged in series, but can also be arranged in parallel. 
If the lengths of the cavities, their reflectivities, and their 
peak wavelengths are chosen accordingly, the laser is 

io forced to operate multimode under all or practically all 
operating conditions. 

[001 7] Whereas one single grating is known to act as 
a wavelength broadening and stabilization element, it is 
understood that multiple cavities according to the inven- 
ts tion impose a useful destabilization only within the com- 
pound bandwidth of all gratings high enough to force the 
laser into multimode operation. In a way, this phenom- 
enon may be named as a "photonic dither 4 ' with a similar 
effect as an electronic dither, but by means of passive 

20 components only. 

[0018] Another advantage of the invention is that the 
total length of the external cavities can be reduced to 
less than the length of the prior art designs. This pro- 
vides for smaller laser sources. 

25 [0019] One preferred embodiment according to the in- 
vention has a first reflector in front of a semiconductor 
laser diode forming a first cavity and, at an optimized 
distance, a second reflector in front of the first one, form- 
ing a second cavity between the first and the second 

30 reflector within the optical fiber. The peak wavelength of 
the second reflector may be chosen close, but not nec- 
essarily identical to that of the first reflector. Also, a cer- 
tain offset of the peak wavelengths and/or bandwidths 
of the two reflectors may improve performance. Further, 

35 any one or both cavities may be shorter than the coher- 
ence length of the laser diode. 
[0020] Preferably, the phase relationship between the 
two reflectors is chosen such that the resulting waves 
or fields are - statistically seen - practically out of phase. 

40 [0021] The reflectors can be of any kind suitable for 
the desired purpose; they are preferably provided as 
Bragg gratings within the optical fiber, which simplifies 
their making and avoids the need to have any parts or 
components added. 

45 [0022] A preferred method for providing the desired 
plurality of cavities is to establish them by simultaneous- 
ly producing the desired Bragg gratings within the opti- 
cal fiber. This keeps the additional efforts to fabricate 
the additional cavities at a minimum and, at the same 

50 time, provides forclose tolerances of the desired layout. 

Detailed Description of Preferred Embodiments 

[0023] In the following, various embodiments of the 
55 invention shall be described by reference to the draw- 
ings, in which: 

Fig. 1 shows the layout of a first embodiment using 
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fiber Bragg gratings; 
Fig. 2 depicts the layout of a second embodiment 

using other reflectors instead; 
Fig. 3 shows a third embodiment with cavities on 

both ends of the laser; 
Fig. 4 is a fourth embodiment with frontal and lateral 

cavities; 

Fig. 5 is a graph of a lasers optical bandwidth at -20 
dB down from the maximum stabilized by a 
single fiber Bragg grating according to the pri- 
or art; 

Fig. 6 is a graph showing the improvement when a 
second cavity is implemented according to 
the invention (here using a second fiber Bragg 
grating). 

[0024] Fig. 1 shows the basic layout of a first embod- 
iment according to the invention. A semiconductor diode 
laser 1 , here an InGaAs quantum well laser, produces 
a laser light beam 3 that is emitted predominantly from 
the laser front facet 2. This beam is coupled into a suit- 
able optical fiber 5 via a fiberlens 4, focusing the beam 
onto the input end of the fiber 5. Within the optical fiber 
5, a first fiber Bragg grating 6a is arranged in a distance 
L1 from the laser 1 . 1 n a distance 12 from this first grating 
6a, a second fiber Bragg grating 6b is provided. The con- 
trolled and now incoherent - as described above - exiting 
light beam 7 leaves the optical fiber 5 and is fed into a 
fiber amplifier, e.g. an Erbium-doped fiber amplifier not 
shown here. 

[0025] The semiconductor laser is usually of a type 
that emits confined light in a single transversal and lat- 
eral mode, but has several longitudinal modes due to 
the Fabry-Perot cavity formed between the front and 
rear facet. If the laser facet reflectivity has a value as 
low as 1 0* 5 , the laser cavity extends essentially into the 
fiber with the fiber Bragg grating defining the end facet. 
In this case, the laser operates more likely in coherence 
with the fiber Bragg grating. Thus, a higher front facet 
reflectivity of the laser typically on the order of 4% is 
desired to ensure coherence-collapse. On the other 
hand, if the reflectivity is chosen too high, the optical 
output power is decreased. The efficiency of the light 
coupled from the laser into the fiber through the fiber 
lens can be about 70% in production and approaching 
85% in the lab and/or for specially designed lasers. 
Hence, the efficiency of fiber Bragg grating back reflec- 
tion into the laser is then given by the squared coupling 
efficiency times the Bragg grating reflectivity. Typically, 
more than 90% of the light passes the Bragg grating 
whereas the rest is reflected back into the laser, if it is 
the first grating, or passing through another fiber Bragg 
grating with a part of it reflected back again. 
[0026] If the wavelength of the free-running laser with- 
out backreflection, roughly corresponding to the laser 
gain peak, is too far from the fiber Bragg grating peak, 
the laser may fall off the locking to the Bragg grating. A 
20nm wavelength range can be typically locked to the 



fiber Bragg grating peak, denoted as the so called cap- 
ture range. The grating bandwidth is determined by the 
needs for pump wavelength channel separation in ED- 
FAs with a typical maximum limit of 2nm. From a man- 
s ufacturing viewpoint, the full-width half-maximum band- 
widths can be chosen between 0.4 and 0.8nm for a cer- 
tain peak reflectivity. A laser-to-grating distance of > 
50cm ensures coherence collapse, but this distance can 
be smaller if several gratings (cavities) are used. The 
10 well known fiber Bragg grating fabrication is based on 
exposure to UV radiation periodically along a piece of 
the optical fiber, as described e.g. by Raman Kashyap 
in "Fiber Bragg Gratings", Academic Press, 1999. 
[0027] The reflectivity of the multiple gratings is an op- 
15 timization versus output power. The effective, or com- 
pound reflectivity given by all gratings can be in the 
same range as the laser facet reflectivity. A wavelength 
overlap is also necessary to establish another cavity. A 
concrete example with two gratings, each with 3% re- 
20 fiectivity, (i.e. 2 x 3% reflectivity) and 0.6nm bandwidth 
at the same peak wavelength gives excellent results. 
The function of having multiple cavities is given by the 
roundtrip time the portion of the backreflected light 
needs to get back into the laser cavity. It can be seen 
25 as a "photonic dither" with frequencies corresponding to 
the roundtrip times through the various cavities. A work- 
ing example has a laser-grating distance L1 of 1m and 
a grating-grating distance 12 of 1 0cm, yielding roundtrip 
frequencies of 100MHz and 1GHz, respectively. Distor- 
30 tions at different frequencies determined by the round- 
trip time (length) of the multiple cavities forces the laser 
to become multimode. The light leaving the last fiber 
Bragg grating entering the path to the ED FA shows min- 
imal low frequency noise with typically 90% of the light 
35 confined to the bandwidth determined by the grating. 
Some noise at high frequencies exists due to mode 
beating, but does not interfere with the slowly reacting 
ions of the subsequent Erbium-doped amplifier. 
[0028] A different method to get distortion by light re- 
40 fleeted back into the laser is to have different grating 
wavelengths, where the first grating acts as the master 
grating, locking the pump wavelength, and the second 
grating, with a lower reflectivity, acts as a noise-produc- 
ing element. 

45 [0029] Fig. 2 shows a second embodiment, essential- 
ly an arrangement wherein the fiber Bragg gratings 6a 
and 6b of Fig. 1 have been replaced by reflectors 16a 
and 16b, which may be e.g. a set of interferometric fil- 
ters. This set of filters has essentially the same function 
50 as Bragg gratings with similar reflection and transmis- 
sion characteristics. They can either be discrete ele- 
ments between the fibers (as shown in Fig. 2) or can be 
deposited directly onto the fiber. Also, the fiberlens 4 has 
been replaced by another collimating means, here a 
55 lens system 1 4. The optical fiber is partitioned into three 
sections 1 5a, 1 5b, and 1 5c. The light beam 7 exits from 
the last section of the optical fiber 15c, as in Fig. 1 . Re- 
garding the dimensions in this second embodiment, the 
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same rules and calculations as described above in con- 
nection with the embodiment of Fig. 1 apply. 
[0030] There is no rear reflector shown at the laser 1 
in both Figs. 1 and 2, but it is clear for a person skilled 
in the art that such a reflector or mirror is usually provid- 
ed. 

[0031 ] Fig. 3 depicts a layout with cavities both in front 
of the laser and at the rear of it. Whereas cavities 5a 
and 5b are located essentially similar to the embodiment 
shown in Fig. 1 , some light exits the laser 1 through its 
rear facet 22, entering, preferably through a fibertens 
24, the two rear cavities 25a and 25b, established by a 
fiber Bragg grating 26a and a rear fiber reflector 26b. 
The reflectivity at the rear laser facet and/or the com- 
pound reflectivity of all rear gratings should be higher 
than 90%, preferably 1 00% to maximize the output pow- 
er at the laser's front facet. Again, the rules and calcu- 
lations described above in connection with Fig. 1 apply 
with respect to the dimensions and reflectivities in this 
third embodiment,. 

[0032] Fig. 4 displays a fourth embodiment of the in- 
vention with "parallel" cavities instead of a series of cav- 
ities, here a "frontal" cavity 15a and a "lateral" cavity 33. 
This embodiment is shown to explain how the function- 
ality of the invention can be achieved by a quasi-parallel 
instead of a serial setup of feedback cavities. A beam 
splitter/combiner 31 divides the laser beam, where typ- 
ically more than 90% of the laser light is coupled out into 
the fiber 15c to exit the system, whereas a certain por- 
tion is reflected into the fiber 15a acting as first cavity. 
A smaller portion of the laser light is deflected into the 
cavity 33 and therein backreflected at the mirror 34. This 
mirror 34 ideally has a reflectivity of 1 00%, the same as 
the rear laser reflector 32. The roundtrip frequency is 
again determined by the lengths of the cavities, working 
as the necessary distortion elements leading the laser 
1 to multimode operation. 

[0033] The layout shown in Fig. 4 may be modified by 
adding a further cavity right of the beam splitter/combin- 
er 31 similar to the two-cavity layout of Fig. 2. Another 
modification of the layout of Fig. 4 could add one or more 
rear cavities similar to the layout shown in Fig. 3. To 
summarize, based on the teaching given and without 
departing from the spirit and scope of the invention, it 
should be relatively easy for a person skilled in the art 
to combine any of the designs shown, or to add portions 
of one design to another, and to determine the dimen- 
sions according to the teaching given particularly in con- 
nection with Fig. 1. 

[0034] Fig. 5 shows in graphical form the output of a 
laser known from the prior art, whereby the bandwidth 
stabilization is attempted by a single fiber Bragg grating. 
The vertical axis is the laser's optical bandwidth at -20 
dB down from the maximum; the horizontal axis is the 
laser current. The graph clearly shows the fluctuations 
by the laser's switching from multi-mode bandwidth (a) 
to narrow single mode (b) operation or bandwidth while 
the laser's driving current is ramped up. In other words, 



the shown curve exhibits just the problem that the 
present invention intends to solve. 
[0035] Fig. 6 finally exhibits the progress achieved by 
the present invention in a graph similar to the one in Fig. 

5 5. Again, the vertical axis is the laser's optical bandwidth 
at -20 dB down from the maximum; the horizontal axis 
is the current of a laser source according to the inven- 
tion. By use of an additional cavity formed by a second 
grating or other reflector system, e.g. as described in 

io detail in connection with Fig. 1 , the laser source is solely 
operating in multi-mode. There are no switching fluctu- 
ations, the significant improvement is clearly visible. 



is Claims 

1. A laser source for generating a stable laser beam 
of a given bandwidth, including a laser (1 ) and 
guide means (5) for conducting the laser beam ex- 

20 iting said front facet, characterized by 

- a plurality of external cavities (5a, 5b; 1 5a, 1 5b; 
25a, 25b; 33) at least partly within or as part of 
said laser beam guide means (5), each of said 

25 cavities being established by at least two reflec- 

tors (2 and 6a, 6a and 6b; 2 and 16a, 16a and 
1 6b; 2 and 26a, 26a and 26b; 2 and 31 , 31 and 
34), 

said plurality of external cavities being dimen- 
30 sioned and arranged such that said laser (^op- 

erates essentially in a coherence collapse 
mode. 

2. The laser source according to claim 1 , wherein 

35 

- all cavities (5a, 5b; 1 5a, 1 5b) are situated within 
the laser beam guide means (5), preferably in 
front of the laser (1). 

40 3. The laser source according to claim 1 , wherein 

one or more cavities (5a, 5b) are arranged with- 
in the laser beam guide means (5) in front of 
the laser (1 ), and 
45 - at least one cavity (25a, 25b) is arranged at the 
rear of the laser (1). 

4. The laser source according to claim 1 or 3, including 
in combination 

50 

- a "serial" cavity (1 5a) arranged within the laser 
beam guide means (5), 

- a "lateral" cavity (33) arranged outside said la- 
ser beam guide means (5), and 

55 - a beam splitter/combiner (31 ) deflecting a por- 
tion of the beam into said lateral cavity. 

5. The laser source according to one or more of the 
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preceding claims, wherein 

- two reflectors, in particular Bragg gratings, are 
provided, whose peak wavelengths are offset 
and/or bandwidths are different. 5 

6. The laser source according to one or more of the 
preceding claims, wherein 

- the laser (1) emits light between 800 and 10 
I600nm and/or 

- any of the reflectors (6a, 6b; 1 6a, 16b; 26a, 26b; 
34 ) or beam splitters/combiners (31) has a re- 
flectivity maximum within the bandwidth of the 
laser, and/or 15 
a bandwidth of its reflectivity between 0.05 and 
2nm full-width half-maximum, and/or 

a peak reflectivity between 0.005 and 0.4. 



in said laser beam guide means (5), a plurality 
of reflectors (6a, 6b), which form, together with 
the laser front facet (2), the desired external 
cavities (5a, 5b) in front of said laser (1). 

11. The method of making a laser source according to 
claim 10, whereby 

the simultaneous manufacturing is carried out 
by UV exposure methods creating the reflec- 
tors (6a, 6b) as fiber Bragg gratings in the op- 
tical fiber constituting the laser beam guide 
means (5). 



7. The laser source according to one or more of the 20 
preceding claims, wherein 



the optical field established in the first cavity 
(5a, 15a, 25a) is out of phase with the optical 
field of the laser (1), and 25 

- the optical field established in the second cavity 
(5b, 15b, 25b, 33) is out of phase with the opti- 
cal field established in said first cavity, 

- thus inhibiting phase matching with the laser 
and hence coherent operation of said laser 30 
source. 



8. The laser source according to one or more of the 
preceding claims, wherein 

35 

the laser is a semiconductor diode laser, espe- 
cially an InGaAs quantum well diode laser, and/ 
or 

the laser guide means comprises an optical fib- 
er, either a polarization-maintaining or non-po- *o 
larization maintaining optical fiber, and/or 
the reflectors are fiber Bragg gratings within 
said fiber. 



9. The laser source according to one or more of the 45 
preceding claims, further comprising 

means for directing the laser beam into the op- 
tical fiber, in particular beam collimating or fo- 
cusing means (4, 1 4) attached to or integrated so 
into said optical fiber (5). 

10. A method of making a laser source that generates 
a stable laser beam of a given bandwidth , said laser 
source having a laser (1) and laser beam guide 55 
means (5) in front of said laser, characterized by 

simultaneously manufacturing, preferably with- 
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